Abstract: A thorough understanding of human physical capability is very important for human factors. Because muscle strength is a function of contraction velocity and joint position, i.e., a three-dimensional, torque-angle-velocity (TAV) relationship, peak torque at the wrist joint was obtained from healthy men and women at angular velocities varying from 0 to 240 deg/sec and across the stretch-free range of motion in the flexion-extension, radio-ulnar deviation, and supination-pronation directions. The corresponding TAV envelope models were developed using the best fit logistic functions to the experimental data. The findings of the study advance our understanding of normative wrist joint strength in multiple planes of motion and highlight the nonlinear relationships with joint position and velocity. These results may help to improve workplace design and risk assessment for musculoskeletal injuries, as well as enable modern digital human models to make more realistic predictions of hand and arm movement and wrist muscle exertion intensities.
Introduction
Upper extremity musculoskeletal disorders (MSDs) are a significant problem in the workplace, as summarised in reports by the Department of Health and Human Services in 1997 (Bernard, 1997) and the National Research Council and the Institute of Medicine in 2001 (NRCIOM, 2001 . These reports highlight the burdens of MSDs to individuals, industry, and society for healthcare costs, lost work time, and negative impacts on quality of life. In particular, hand-arm MSDs, such as carpal tunnel syndrome, may occur in as many as 1.9 million Americans, resulting in more missed work days than the average of all other non-fatal injuries and illnesses (Sestito et al., 2004) . Forceful exertions is one risk factor commonly considered in ergonomic assessments (McAtamney and Corlett, 1993; Hignett and McAtamney, 2000; Moore and Garg, 1995) , but this assessment requires some knowledge of the range of normal joint strength for hand-arm joints and a means to identify what torque levels might be excessive. That is, a forceful exertion of the wrist muscles may be a minimal level of exertion for the back or even shoulder muscles due to the vast differences in muscle size. Thus, it is important to have accurate, representative wrist strength models for the development and advancement of workrelated wrist injury assessment tools.
Typically, muscle strength is operationally defined in terms of the peak torque generated about a joint for a given mode of contraction, such as isometric, concentric, and eccentric contractions. Alternate strength assessments include recording the maximum number of repetitions performed for a given task, or the maximum load one can lift one or more times. However, the advantage of using peak torque capability as a measure of strength is that it can be used to estimate task intensity about a joint if the task requirements are known (e.g., via inverse kinematics or digital human modelling). That is, known or estimated joint torques can be standardised by peak joint strength capability to determine the relative intensity of a task (i.e., percentage of maximum voluntary contraction or %MVC).
It is well-known that peak muscle strength is a function of both joint angle and contraction velocity. Static peak strength capability is commonly presented as a function of joint angle (Frey-Law et al., 2008; Chaffin et al., 2006) , frequently resulting in a concave relationship between joint angle and peak torque (Chaffin et al, 2006) . Similarly, a nonlinear force-velocity relationship has been long-recognised in muscle force generation where peak torque declines with increasing concentric, or shortening, velocity contractions (Hill, 1938 (Hill, , 1970 whereas, eccentric, or lengthening contractions, result in higher peak torques than isometric or concentric contractions (Flitney and Hirst, 1978; Enoka, 1996) .
While peak strength has been long known to depend on both joint angle and contraction velocity, the three-dimensional torque-angle-velocity (TAV) relationship did not receive much attention as an approach to model muscle strength until relatively recently (Vasta and Kondraske, 1997; Khalaf et al., 1997; Anderson et al., 2007; Looft and Frey-Law, in press) . Task analyses in the workplace, whether using simple free-body diagrams or more complex digital human models (DHMs), usually have not considered the speed of movement. However, advances in computing technology and modern DHMs, which promise to predict realistic human movement and task performance, increase the need for strength models that will more accurately reflect both angle and velocity influences on peak strength. Thus, future strength models should ideally consider both joint angle and contraction velocity in estimating peak torque capability.
Despite the significance of wrist-related MSDs, there is relatively little normative data on wrist strength capability compared to other peripheral joints such as the knee, elbow, or ankle. Further, of the reports available on peak wrist strength, the values can vary substantially between studies, likely due to methodological differences (e.g., wrist and arm positioning, force vs. moment assessment, lack of gravity correction, etc.). Additionally, most studies examined either isometric or isokinetic muscle strength, but rarely assessed both on the same participants (Ellenbecker, 1991; Kauranen et al., 1997; Ellenbecker et al., 2006; Hallbeck, 1994; Delp et al., 1996; Forthomme et al., 2002) . We found two studies that presented wrist strength with respect to both variables (Jung and Hallbeck, 2002; Morse et al., 2006) . However, these studies only considered wrist flexion/extension (F/E), reported force not torque, and used either small sample sizes (n = 10) of males and females (Morse et al., 2006) or only male subjects (Jung and Hallbeck, 2002) . Very few, if any, have considered all three planes of motion related to wrist motion (e.g., F/E, radial and ulnar deviation, and pronation and supination) in the same subject cohort. Thus, to create representative TAV strength envelopes for the wrist joint, considering both joint angle and contraction velocity, the previously available literature was insufficient. Therefore, the primary objective of the present study was to evaluate peak wrist strength in men and women and develop models of wrist joint TAV envelopes. We assessed peak wrist-related strength in its two principal directions of motion, i.e., flexion-extension and radio-ulnar (R/U) deviation, as well as the supination-pronation (S/P) plane, which is not truly isolated to the wrist joint.
Methods

Participants
Forty-one healthy men and women between the ages of 18 and 50 years were recruited for the present study (see Table 1 for subject characteristics). The upper age limit was chosen as people over 50 years old present substantial decreases in wrist muscle strength (Peebles and Norris, 2003) . The exclusion criteria included: any major health-related problem (physical and/or mental), history of major musculoskeletal injury of the upper extremities, current pain, upper extremity motion restriction, pregnancy, or on medications that might affect the ability to perform strenuous physical activity based on subject self-report. The study was approved by the Institutional Review Board, and all participants provided written informed consented prior to enrolment. 
Apparatus
Peak wrist joint strength was tested using a Biodex 3 isokinetic dynamometer (Biodex Medical System, Inc. Shirley, NY). A custom-made triangular arm support was attached to the dynamometer seat to secure the forearm with custom foam cuffs applied just proximal to the wrist joint to ensure accurate wrist joint positioning and minimal extraneous movement (see Figure 1 ). During all strength testing, participants were asked to maintain an upright sitting posture with two straps applied diagonally across their chest. The upper arm was maintained alongside the trunk with the elbow flexed to approximately 90 deg and supported by the adjustable arm support. Additionally, the forearm support was equipped with a ball bearing structure to prevent the forearm from translating vertically or horizontally, while allowing the forearm to rotate freely. Raw signals from the dynamometer, including torque, joint position, and angular velocity, were sampled at a 1,000 Hz using an analogue-to-digital converter (NI PCI-6229 board, National Instruments, Austin, TX) and recorded using a custom-written programme in a LabVIEW environment (National Instruments, Austin, TX). 
Strength testing protocols
The study consisted of three visits with an interval of at least seven days in between. During each visit, wrist strength in one plane of motion was examined. The three planes of motion were F/E, R/U deviation, or supination/pronation (S/P). The order at which the planes of motion were performed in three visits was randomised using a Latin squareWilliams design, i.e., six sets of sequence for the three planes. The isometric tests were performed prior to the isokinetic tests. Only the strength from non-dominant side (i.e., by self-report) was assessed. If participants were ambidextrous, the left side was assessed. The target joint angle setup for the isometric test and the target velocity setup for the isokinetic test are summarised in Table 2 . These setups were based on the normal wrist motion and dynamic capacity in industrial workers (Schoenmarklin and Marras, 1993) . The definitions of neutral postures used for the wrist joint were:
1 neutral F/E where the elbow lateral epicondyle, radial styloid, and second metacarpophalangeal joint are on the same line 2 neutral R/U where the elbow lateral epicondyle, palpable groove between lunate and capitate, and third metacarpophalangeal joint are on the same line 3 neutral S/P where the palm is vertical to the ground.
A joint angle was thus specified accordingly, e.g., 0 degree was neutral position, F60 for 60 degrees in flexion, and E60 for 60 degrees in extension. The sign convention was set such that a positive angle represents wrist joint in an F, U, or P position while a negative angle represents an E, R, or S joint position if not explicitly specified. Additionally, concentric contractions were denoted as positive velocities and eccentric contractions as negative velocities. Due to the limited number of tests within each visit, the testing order of the angles for isometric strength and the testing order of the velocities for the isokinetic strength were pseudo permutated, i.e., only three sets of sequences out of all possible sequences were used. A warm-up period with active stretching and rotation of wrist joint and forearm, as well as a few rounds of practice on the strength testing machine, was performed by each participant before starting the first strength test. During the isometric test, participants performed six maximum contractions, e.g., three-flexion trials and three-extension trials in a reciprocal order, at each target joint position within the stretch-free range of the motion (ROM, see more details below). Each maximum contraction lasted approximately five sec followed by 60 sec rest. The highest value of the three trials was chosen as the peak isometric strength. A 60 s rest period provides a trade-off between allowing for muscle recovery but minimising the total test protocol duration and associated boredom that may result in lower maximal efforts. No notable fatigue was noted between repeated trials monitored using Borg CR10 scale, further substantiating this as an adequate rest interval. During the isokinetic test, participants rotated the dynamometer handle back and forth through their full, comfortable range of motion continuously as hard as they could for 4 to 7 repetitions, with the number of repetitions increasing with angular velocity. The dynamometer limits the movement velocity to the maximum set velocity, thus subjects cannot exceed the target velocity for each task, but are able to move slower than this target velocity if they are not performing at maximum effort or are in the initial acceleration or deceleration phases at each ROM end-point. A three-minute rest was allowed after each isokinetic test. Isokinetic maximum torque data were extracted through post-processing to be constrained to within ± 2.5° of the target angles and within 15% of the target velocities, to minimise effects of hand and machine handle acceleration and deceleration. Similarly the highest value of all repetitions at the same joint position was chosen as the peak isokinetic strength at that joint position. A test facilitator verbally encouraged participants when they were performing maximum exertions. To prevent injury or severe fatigue, localised pain and fatigue in the forearm and wrist were monitored periodically using a Borg CR-10 scale. The testing would halt if the rating was more than five (i.e., moderate pain or fatigue) in either category.
Additionally, several anthropometric measurements were taken during the first visit using tape measures and calipers. The measurements included height, body mass, handedness, forearm length and circumference, wrist circumference, wrist width and depth. Percent body fat was calculated using the methodology described by the online US Department of Defense girth formulas (Department of Defense Instruction 1308.3, 2002) with following additional anthropometric measurements: neck circumference (male and female), abdomen circumference (male), waist circumference (female), and hip circumference (female).
Strength analyses
To correct for any inertial effects of limb or apparatus mass as well as passive torque, gravity correction was performed using the cosine function multiplying the resting torque measured at the neutral position. To minimise the effect of passive tissue resistance, ROM was set such that the participants did not feel any significant soft-tissue stretch in their muscles about their wrist joints when the test facilitator pushed or pulled the dynamometer handle.
Some participants had difficulties in reaching Ext 60° or Flex 60° joint positions. Isometric strength was not measured for those positions. Similarly, isokinetic muscle strength was considered missing if the participants failed to reach 85% of the target velocity at any target joint position. To prevent skewing the TAV envelope due to missing those 'weakest, slowest' individuals, the missing data were modelled and imputed for each participant using TAV envelopes fitted on individual data using TableCurve 3D (Systat Software, San Jose, CA). However, if more than 50% of participants had missing data at a particular angle-velocity combination, that particular angle-velocity point was not used for TAV envelope fitting. Thus, means and standard deviations (SD) of peak torque were assessed for each available isometric and isokinetic angle-velocity permutation, for men and women separately. Coefficient of variation (CV = SD/mean) was assessed for each TAV triad and averaged across all triads for each strength TAV envelope by self-reported sex (e.g., flexion, extension, radial deviation, ulnar deviation, supination, pronation for men and women). Differences in strength between planes of motion, torque directions, and sex were evaluated using isometric peak torque values for each torque direction, using mixed repeated measures analysis of variance (IBM SPSS Statistics, v 20) , where all but sex were within subject (repeated) variables.
Eccentric peak strength was not assessed experimentally in this study due to the concern of risk of injury (Newham et al., 1987; Lieber and Friden, 1993; Enoka, 1996) and the difficulty involved in eliciting true maximum eccentric contractions (unpublished data). Instead, to generate TAV envelopes for potential DHM application, eccentric peak torque capability was modelled based on previously reported findings in humans. Although peak eccentric force in isolated animal preparations has been reported to range from 150% to 180% (Vassilis et al., 2008; Wessel et al., 1992; Astrand and Rodahl, 1986) , in humans these high torque levels are rarely achieved volitionally. Instead, values varying from 100% to 120% of isometric peak torque have been more commonly observed (Huang and Thorstensson, 2000; Klass et al., 2005; Chapman et al., 2005; Westing et al., 1991) . As we aimed to model peak wrist strength that bests represents typical human capability, we used a value of 120% of isometric peak torque as a reasonable estimate of peak eccentric strength, for two-eccentric velocities (50% and 100% of maximum concentric velocity tested for each torque direction). Thus, we added angle-specific values of peak torque equal to 1.2 multiplied by their corresponding isometric peak torque values for each eccentric velocity.
TAV envelope fitting
The mean TAV triads described above were curvefit to nonlinear logistic functions [see equation (1) for full logistic equation] using TableCurve3D. The full equation had eight parameters, but simpler versions of equation (1) were also considered with fewer terms (parameters = zero) as well. The best logistic function (i.e., number of parameters = zero) was chosen based on R 2 values as well as visual confirmation of the 3D surface appearing physiologic (e.g., no obvious abnormal curvatures). In addition, the standard fit error (root mean square of the sum of errors) was calculated by TableCurve3D, providing an estimate of the absolute mean error between the modelled and measured mean values (in Nm).
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Using this function, parameters A through H define the curvature of the strength envelopes. Parameter A provides a constant offset; B, E and H scale the logistic relationships for angle, velocity, and their interaction, respectively; and parameters C, D, F and G scale the asymptotic or 'S-shaped' components of the surfaces with respect to joint angle (C and D) and velocity (F and G).
Modelling wrist strength percentiles
The TAV envelopes provide models of mean peak wrist strength for men and women for each torque direction: flexion, extension, radial deviation, ulnar deviation, supination, and pronation. To model specific strength percentiles (i.e., normative strength) as opposed to anthropometric percentiles, the normal Gaussian distribution was assumed. Using z-scores, each percentile of strength as a function of angle and velocity, can be represented using the TAV envelope model [equation (1) 
where α is joint position, ν is angular velocity, and SD = CV*mean peak torque(α, ν).
Results
Tables 3 to 5 summarise the mean (SD) peak torque at each data point (combinations of target joint position and target angular velocity) in six motion directions for males and females, respectively. Particularly at the higher velocities, constant velocity was not reached by more than 50% of participants for the full range of motion, thus no data is available for some of the more extreme joint angles. Although there were some exceptions, peak torque predominantly was observed at mid-range angles or angles inducing muscle stretch and declined with increasing contraction velocity. Men were typically stronger than women by 44 to 84% across torque directions (F 1,30 =38.7; p < 0.0001; see Tables 3 to 5 ). Peak isometric wrist strength varied across all planes tested (F 5,150 = 102.1; p < 0.0001). Wrist flexion produced the highest peak torques, followed by radial and ulnar deviation (which did not significantly differ from each other, p = 0.125), then wrist extension, and lastly pronation and supination (again not significantly different from one another, p = 0.675). Of the 49 participants originally enrolled in this study, several subjects were excluded or had missing data for various reasons (see next) for different planes of motion, resulting in 36-38 subjects per torque direction. For example, the initial three females and five males were tested using a preliminary wrist joint setup that we altered to better isolate wrist joint torques and thus were excluded from the final data analyses. Reasons for missing data included subjects not utilising their full ROM during the isokinetic testing portion, thus missing some joint angles and a power outage during testing led to missing data for one participant. Further, some participants did not complete all three-study visits. The exact numbers of participants included for individual strength tests are provided in Tables 3 to 5 . More than 50% of participants were unable to achieve the data point, thus not included in total mean (SD) normative data. Flex = a flexed wrist joint angle; Ext = an extended wrist joint angle. More than 50% of participants were unable to achieve the data point, thus not included in total mean (SD) normative data. UD = ulnar deviated wrist angle; RD = radial deviated wrist angle.
Figure 3
Male and female wrist extension TAV envelopes using logistic functions to model the 3D strength surfaces are shown (see online version for colours)
Notes: Mean peak torque data points are shown as black dots; corresponding distances from modelled TAV surface are indicated by vertical black lines. Note flexion angles are arbitrarily designated as positive, extension angles as negative; positive velocity is concentric, negative velocity is eccentric. Notes: *: More than 50% of participants were unable to achieve the data point specified by the target joint position and the target angular velocity. † extracted when P90 or S90 data point was missing.
The logistic function was able to produce reasonable fits of the experimental (isometric and concentric) and estimated (eccentric) data for each wrist torque direction. While some excessive curvature was noted at the fastest velocities, the corresponding R 2 values ranged from 0.855 to 0.958 (see Figures 2 to 7 ). The resulting model parameter values, R 2 , RMS error, and CV for each TAV surface envelope, by males and females, are provided in Table 6 . The error values ranged from 0.48 to 1.72 Nm, which corresponded to 5% to 15% of the peak torque for each wrist strength envelope. Table 6 Wrist TAV envelope logistic function parameters [equation (1) Notes: *CV =averaged CV across subjects, where CV = SD/mean observed for each torque direction; useful for estimating strength percentiles [equation (2)].
Peak torque is represented as positive (Nm) for all surfaces (z-axis); angles (degrees) are the x-axis; and velocity (degrees/sec) are the y-axis.
Figure 4
Male and female wrist radial deviation TAV envelopes using logistic functions to model the 3D strength surfaces are shown (see online version for colours)
Notes: Mean peak torque data points are shown as black dots; corresponding distances from modelled TAV surface are indicated by vertical black lines. Note ulnar deviation joint positions are arbitrarily designated as positive, radial deviation as negative; positive velocity is concentric, negative velocity is eccentric.
Figure 5
Male and female wrist ulnar deviation TAV envelopes using logistic functions to model the 3D strength surfaces are shown (see online version for colours)
Figure 6
Male and female forearm supination TAV envelopes using logistic functions to model the 3D strength surfaces are shown (see online version for colours)
Notes: Mean peak torque data points are shown as black dots; corresponding distances from modelled TAV surface are indicated by vertical black lines. Note pronation joint angles are arbitrarily designated as positive, supination joint angles as negative; positive velocity is concentric, negative velocity is eccentric.
Figure 7
Male and female forearm pronation TAV envelopes using logistic functions to model the 3D strength surfaces are shown (see online version for colours)
Discussion
The present study is one of the first to simultaneously assess multiple isometric and isokinetic wrist strength values in both men and women, and model the resulting 3D strength surfaces, or TAV envelopes. These findings have practical applications, enabling DHMs to make more realistic predictions of hand and arm movements and estimates of required muscle exertions for tasks related to human factors, movement sciences, and/or rehabilitation. Although accurate assessments of wrist strength are inherently challenging due to the relatively low magnitudes of peak torque coupled with the relatively high masses required to assess strength (i.e., using isokinetic dynamometers), this study provides values that are generally consistent with previous results using similar testing methodologies. To allow sound comparison, we summarise our results relative to those studies reporting strength at three or more joint positions. For wrist joint flexion-extension strength, Delp et al. (1996) conducted isometric tests on ten young males and found that the mean flexion strength varied from 4.5 to 11 Nm and the mean extension strength from 1.8 to 6.6 Nm with ROM between 90 degrees of extension and 90 degrees of flexion. Hallbeck (1994) conducted isometric tests on 30 males and 30 females with ROM between 90 and 90 degrees of flexion and extension. However, the results were expressed in force and not joint torque. Based on the wrist joint centre to handle distance measured in our presentation study (mean (SD): 8.9 (0.6) cm for males and 8.0 (0.4) cm for females), the flexion strength in Hallbeck's study would likely correspond to torque values from 4.2 to 7.3 Nm for males and 3.1 to 5.1 Nm for females, and extension strength from 4.6 to 6.1 Nm for males and 3.0 to 3.8 for females, excluding strength measured at the very end of ROM. Marley and Thomson (2000) conducted isokinetic tests on 24 young males at the velocities of 60, 120, and 180 deg/s with ROM between 60 and 60 degrees of flexion and extension, respectively. Their peak torque values ranged from 10.5 to 14.4 Nm for flexion and 6.3 to 8.6 Nm for extension. While clearly, some variability can be seen between these prior studies, the ranges reported are consistent with our results for flexion and extension (see Tables 3 and 4 ; Figures 1 and 2 ) and further found that wrist flexion is typically stronger than wrist extension.
For wrist joint R/U deviation strength, there are relatively few studies available for comparison. Delp et al. (1996) conducted isometric strength tests on ten young males and found that the mean radial deviation strength varied from 6.9 to 11 Nm and ulnar deviation strength from 2.8 to 9.1 Nm. Again, this is essentially consistent with our results (see Tables 5 and 6 ; Figures 3 and 4) . Thus, our study provides additional information on male radio-ulnar wrist strength and novel information on female radio-ulnar wrist strength.
When considering forearm supination-pronation strength, our findings are slightly lower than reported previously by O'Sullivan and Gallwey (2005) . They conducted isometric strength tests using a custom force transducer on 22 males and found that the supination strength varied from 10.7 to 15.3 Nm and pronation strength from 11.4 to 12.6 Nm within 75% of the normal ROM. It is not clear to us why our values are slightly less than these previously reported, but given the variation observed in flexion and extension values in the literature, the lack of additional studies to compare with suggests this may be in part normal variation. However, it may also be due in part to differences between the testing apparatus used in each laboratory. However, the torque-angle curvature reported by O'Sullivan and Gallwey (2005) matches very closely what we observed, namely greater dependence of supination strength on forearm angle than for pronation strength. We did not find any study reporting angle-specific isokinetic strength in R/U deviation or supination-pronation planes and few studies that specifically examined female strength values.
Modelling joint strength has been approached in several different ways in the past, even when focusing on 3D TAV surfaces. Khalaf et al. (1997) modelled trunk flexion and extension TAV envelopes using a 2nd order polynomial joint angle function multiplyed by a 2nd order polynomial angular velocity function. The regression analyses demonstrated a mean R 2 value of 0.67. The same approach was applied to describe joint strength for upper and lower extremity TAV envelopes ). Vasta and Kondraske (1997) described the knee extension TV envelope using a combination of 3rd order polynomial and power function (e -V/l5 ). The authors reported a mean prediction error of 12.2% against the experimental data. Anderson et al. (2007) modelled the muscle force-velocity relationship at the joint level, i.e., by assuming that the contraction velocity at the muscle level correlates solely with the angular velocity at the joint level, and use it as the basis to formulate the TAV envelope. For the eccentric part of the TVA envelope, the authors assumed a linear scaling relationship to the isometric strength curve base on previous literature. The authors applied the approach to model the lower extremity joint TVA envelopes and reported a very strong correlation to the experimental data with R 2 values ranging from 0.891 to 0.974. Looft and Frey-Law (in press) applied both polynomials and logistic functions to model the elbow and knee joint TAV envelopes and found that while polynomials provided good fits for experimentally obtained joint strength data (mean R 2 of 0.983), they tended to exhibit excessive curvature when extrapolated beyond the original angle and velocity data range and produce non-physiological behaviours, e.g., torque crossing zero. On the other hand, logistic functions not only provided a good fit of experimental data with a mean R 2 of 0.971 but also minimised non-physiologic strength predictions near the end ranges of motion. Therefore, since logistic functions may provide slight advantages over polynomials, we chose to model wrist joint TAV envelopes using logistic functions in the present study. We found that logistic function provided relatively good fits for the wrist TAV envelopes with R 2 values ranging from 0.856 to 0.956. However, the surface models continue to exhibit some non-physiological behaviour at the extremes of ROM or high velocities (e.g., see the flexion strength surfaces), which is challenging to avoid completely when mathematically modelling such nonlinear behaviour.
When qualitatively evaluating the shapes of the peak wrist strength envelopes, several observations are worth noting. First, while men and women had consistently significantly different strength magnitudes, the surfaces appeared predominantly similar in shape. Conversely, the surface shapes clearly differed between torque directions (e.g., flexion versus extension, or pronation versus supination). This consistency within torque direction, but scaling difference between men and women suggests the underlying muscle mechanical behaviour is the driving influence of the overall 3D strength envelope shape. That is, the inherent muscle lengths and moment arms across joint angles and contraction velocities result in what appears to be a stereotypical surface pattern that may be unique to each joint and torque direction. For example, radial and ulnar deviation showed the least overall curvature, which may indicate a relatively consistent mechanical advantage across joint angles for the muscles involved in these motions. However, an alternate explanation may simply be that the range of motion for radial and ulnar deviation was insufficient to produce much curvature compared to the ranges available for F/E or S/P. For both flexion and pronation 3D strength envelopes, peak torque occurred in the neutral to negative angle region, which we operationally defined as approaching extended and supinated postures. Conversely, extension and supination demonstrated peaks in the positive joint angle regions which corresponded to flexed and pronated postures. This indicates peak torque occurred at either neutral joint postures or when the muscles were somewhat stretched, as one might expect. In general, the lowest torques were observed at shortened muscle positions and faster movement velocities.
There are several limitations in the present study that should be noted. First, we did not collect eccentric muscle strength data due to the concern of injury risk and difficulty achieving maximum efforts. Rather, we scaled the eccentric portions of the TAV values based on the observed angle-specific isometric strength. Looft and Frey-Law (in press) reviewed the relevant literature and found that a 120% scaling of the isometric strength was a reasonable estimate of the peak eccentric strength. The authors also found that eccentric strength did not appear to increase further beyond certain lengthening velocity, similar to the conclusion drawn by others (Enoka, 1996) . Thus, it was postulated that fixing eccentric strength at the peak amplitude at the -50% and -100% of the maximum tested concentric velocity would provide a reasonable estimate of eccentric part of the TAV envelope. A second limitation is that only a maximum of five-joint positions were tested. This was done to minimise the time and fatigue for the test subjects at each visit. As each 5 second maximum contraction is followed by a minute rest, with several repetitions for each torque direction, the isometric portion of the testing is the most time consuming and highest rated for exertion. This is the also reason we chose maximum of five-data points from each isokinetic testing condition to balance surface fitting. A third limitation is missing data points particularly for 'weaker' participants at the endpoints of ROM for higher velocity testing conditions. This is not unique to the present study but rather intrinsic for all isokinetic strength studies, i.e., the inertia of the dynamometer handle and the limb itself requires acceleration to achieve constant velocity movement. In the present study, we allowed 15% margin of error within each velocity condition to decrease the missing data effect while keeping the fidelity reasonably high. This also removes the likelihood of acceleration 'spikes' that are commonly observed with isokinetic testing at the beginning and end of each movement. To minimise the potential adverse effects of this limitation, we did not include any angle-velocity points with data from less than 50% of subjects and imputed missing data using individually-derived torque values when a minimum of 50% successfully produced measurable torque data within the desired velocity range. Lastly, these data and strength models may or may not be fully representative for all demographic populations, such as different age cohorts, ethnic or racial groups, and/or specific workplace populations where training effects may alter the TAV relationships.
We do not know how or if current ergonomic tools or models will adopt this 3D information. However, 3D strength envelopes provide normative data that could be used in several possible ways:
1 To assess task intensity for static and dynamic tasks. Realising that peak torque decays with faster concentric movement.
2 Use as constraints in optimisation-based models (e.g., Santos digital human).
3 Compare percent capable for a task using the mean and variation data (CV) to estimate strength percentiles.
With advances in computational speed and analysis of dynamic human motion, it is foreseeable that future directions will increasingly need advanced representations of human capability across several variables. Despite these limitations, the current study provides a significant advancement over previously available wrist strength reports and mathematical models. The use of 3D TAV envelopes, or strength surfaces, inherently represent the biomechanical influences of varying muscle moment arms, net torque due to multiple muscles about the joint, length-tension relationships within the muscles' sarcomeres, and force-velocity relationships of contracting muscle, enabling computationally efficient methods of modelling muscle strength at the joint level.
Conclusions
In the present study, muscle strength, or peak torque, at the wrist joint were assessed in three primary planes of motion: flexion-extension, R/U deviation, and supinationpronation, for both men and women. Both isometric and isokinetic peak strength were assessed from the same group of participants, allowing a better understanding of muscle strength across varying contraction velocities and joint positions. The findings of the study advance our understanding of normative wrist joint strength in multiple planes of motion in both men and women as well as highlight the nonlinear relationships between joint position and velocity. These results may ultimately help to improve workplace design and the risk assessment for musculoskeletal injuries if implemented into modern DHMs and/or ergonomic tools for upper extremity evaluation.
